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Kelvin–Helmholtz instabilityCu/Au multilayers with individual layer thickness of 100 nm were deformed by cyclic sliding using a
nanoindenter. With increasing cycle number, a distinct sequence of changes was observed, from uniform
thinning through formation of waviness and vortices until ﬁnally a mechanically mixed structure devel-
oped. Fluid-like behavior is observed and gradients of strain and strain rate are suggested to initiate the
evolution of vortices driving the mechanical mixing of the layers.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Nanoscale metallic multilayers have long been known for
their high strength and hardness [1–3] with layer thickness and
interface structure as the controlling factors [3–5]. The importance
of metallic multilayers in the context of fatigue [6–8] and wear
[9,10] has also been demonstrated. Both the fatigue strength
[7,8] and wear resistance [9] were observed to increase with
decreasing layer thickness. Nanoscale Cu–Ni multilayer coatings
very effectively suppressed fatigue crack initiation and showed
evidence of reduced accumulated plasticity compared to mono-
lithic coatings [6]. Recently it was suggested that a nanolayered
structure that formed during wear testing of Cu90Ag10 alloys – in
combination with Ag acting as a solid lubricant – was responsible
for reduced wear rates [11]. Considering the high thermal stability
of Cu–Nb multilayers [12] and their resistance to radiation damage
[13], multilayers represent excellent candidates for applications
under extreme loading and temperature conditions. However, in
order to understand and exploit these excellent properties, the role
of the interface in large strain deformation, plastic deformation
mechanisms and deformation microstructures need to be investi-
gated in greater detail for different types of interfaces.
In the research presented here, cyclic sliding experiments on
Cu/Au multilayers were conducted using a nanoindenter with the
goal to study the evolution of the microstructure of a miscible
face-centered cubic multilayer system under severe deformation.For ductile materials, it was illustrated that severe plastic deforma-
tion is introduced during sliding wear experiments with shear
strains exceeding 10 [14]. Using a nanoindenter, it is possible to
locally apply large plastic strains underneath a well-deﬁned con-
tact in order to gain a fundamental understanding of the
deformation processes, which is important in the context of
micro- and nanomechanics but may also add to our understanding
of macroscopic wear. For example, sliding contact has been sug-
gested as a method to estimate yield strength and strain hardening
of small-volume materials [15] and has been used to investigate
the small-scale frictional sliding of nanotwinned Cu [16].
For our study, Cu/Au multilayers were deposited on
single-crystalline Si (001) substrates (thickness 500 lm) by
radio-frequency magnetron sputtering. The purity of the Cu and
Au targets was 99.999 at.% and 99.95 at.%, respectively, and the
deposition rate was 0.3 nm/s. The total thickness of the multilayer
ﬁlm was 1 lm, while the nominal individual layer thickness was
100 nm for both Cu and Au layers with interfaces that were not
compositionally sharp [17]. The Au layer was deposited as the
top layer to minimize the effects of sample surface oxidation.
X-ray diffraction indicated that the layer interface had a
Cu{111} // Au{111} relationship [18]. Sliding experiments were
conducted using a Nanoindenter G200 XP (Agilent Technologies,
USA) with a spherical diamond tip of 16.7 lm diameter. A constant
normal load of 10 mN was applied resulting in an initial penetra-
tion of 50 nm while the sample stage was moved back and forth
at a rate of 5 lm/s over a distance of 100 lm. Tests with up to
Figure 2. SEM images of the sliding tracks along the sliding direction after (a) 50
and (b) 500 cycles.
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deﬁned as one sliding cycle. The experiments were conducted at
room temperature in air with relative humidity of 50%. Prior to
every experiment, the nanoindenter tip was cleaned with propa-
nol. Although we expect changes of the tip shape, careful inspec-
tion by scanning electron microscopy (SEM) after every test
indicated no visible changes of the tip. The microstructure under-
neath the sliding tracks was investigated by SEM (Nova 200
NanoLab, FEI, USA) and transmission electron microscopy (TEM).
TEM samples were prepared by focused ion beam (FIB) milling
using the standard lift-out technique and investigated in a
Philips CM-30 operated at 300 kV and a FEI Tecnai F20 operated
at 200 kV.
Fig. 1a shows the original morphology of the Cu/Au multilayer
ﬁlm. As determined from cross-sectional SEM images, the average
layer thickness of Cu and Au is 110.0 ± 3.2 nm and 101.6 ± 11.6 nm,
respectively, and the total ﬁlm thickness 1062.3 ± 26.9 nm. The top
or ﬁrst layer at the specimen surface is Au, while the bottom layer,
i.e. tenth layer, is Cu. Signiﬁcant microstructural changes were
observed after the sliding experiments (Figs. 1 and 2). After ten
cycles, thinning of the ﬁrst two layers was observed (Fig. 1b)
accompanied by grain coarsening (Fig. 3a and b). After 20 cycles,
further thinning had occurred while at the same time the inter-
faces started to exhibit pronounced waviness (Fig. 1c). After
100 cycles, deformation extended over ﬁve layers and vortices
were observed (Figs. 1d and 2). Such a structure resembles the ﬂow
patterns that are expected in ﬂuid ﬂow under a Kelvin–Helmholtz
instability, which can occur in the shear layer between two ﬂuids
in the presence of a velocity gradient and results in ﬂuid turbu-
lence and mixing [19]. With further increase in cycle numbers,
more layers were involved in the plastic deformation and the vor-
tices becamemore pronounced (Fig. 1e). Finally, the layer structure
disappeared completely in the deformed zone (Fig. 1f). Similarities
to Kelvin–Helmholtz instabilities, vortex formation and material
mixing at the sliding interface were also revealed previously by
simulations of sliding of crystalline and amorphous solids
[20,21]. While Fig. 1 shows the cross sections perpendicular to
the sliding direction, Fig. 2 depicts parallel ones in the center of
the sliding track showing the same mixing behavior indicating
isotropic microstructural evolution.Figure 1. SEM images (at 52 sample tilt) of FIB-prepared cross sections perpendicular to
the sliding tracks after 10, 20, 100, 500, and 1000 cycles. After (b) layer thinning and (c)The changes of the individual layer thicknesses after different
cycle numbers were quantiﬁed using SEM (Table 1). Typically,
the measured layer thicknesses vary within ±5% over the sample,
and thus only a change P5% is considered as a thickness change
resulting from sliding. After the ﬁrst cycle, the ﬁrst two layers exhi-
bit an obvious thickness reduction, while further below, no change
in layer thickness was observed. After ten cycles, the top three lay-
ers were involved in the deformation; then, deformation spreads to
the other layers with increasing cycle numbers. Layers 1–4 are
heavily deformed after 50 cycles and their thickness can no longer
be determined.
Our TEM investigation clearly shows that the grain size had
increased signiﬁcantly in the deformed layers prior to the vortex
formation, whereas no changes were observed in the undeformed
layers (Fig. 3a and b).the sliding direction (SD) of (a) the undeformed Cu/Au multilayer on Si and (b)–(f)
waviness of the layers and grain coarsening, (d–f) a vortex structure was observed.
Figure 3. (a) TEM bright-ﬁeld and (b) dark-ﬁeld images of Cu/Au multilayers after 10 cycles. The top two layers were thinned and waviness increased (indicated by arrow in
(a)). Grain growth was observed in the 2nd and 3rd layers, as indicated in (b). (c) Bright-ﬁeld and (d) dark-ﬁeld TEM images after 1000 cycles. The inset in (c) shows a selected
area diffraction image of the circled region, indicating the deformed region is nanocrystalline.
Table 1
Thickness reduction e ¼ ðk kÞ=k, with k and k⁄ as the layer thicknesses of the individual layers before and after sliding as function of cycle number. The layer thickness
determined from SEM images of FIB cross sections has a typical 5% variation over the sample; thus, e < 5% is shown as ‘‘0’’. The indicator ‘‘–’’ means the individual layer thickness
could not be identiﬁed because of layer mixing.
Layers 1 cycle 10 cycles 50 cycles 200 cycles 500 cycles 1000 cycles
1 (Au) 5.69 ± 4.50% 35.09 ± 13.05% – – – –
2 (Cu) 13.80 ± 5.94% 38.75 ± 14.16% – – – –
3 (Au) 0 4.52 ± 13.72% – – – –
4 (Cu) 0 0 – – – –
5 (Au) 0 0 9.06 ± 7.88% – – –
6 (Cu) 0 0 0 13.81 ± 11.86% – –
7 (Au) 0 0 0 4.96 ± 10.41% 17.88 ± 30.23% –
8 (Cu) 0 0 0 0 0 23.22 ± 17.95%
9 (Au) 0 0 0 0 0 5.03 ± 17.48%
10 (Cu) 0 0 0 0 0 0
Figure 4. Penetration depth (blue) and thickness of the deformed zone (red) for
different cycle numbers. The penetration depth increases continuously with
increasing cycle number, while the thickness of the deformed zone was constant
and 350 nm after N = 100. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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growth since the tip moved rather slowly over the surface. The
maximum temperature is expected at the surface, while grain
coarsening was also observed further below the surface with a
sharp transition to the undeformed material, thus, indicating that
the changes were deformation-driven. After 1000 cycles, a
nanocrystalline structure was observed in the deformation zone
(Fig. 3c and d), similar to the microstructural changes observed in
unlubricated metal contacts, which are likely related to a low
steady-state friction and wear behavior [22]. This was also
reported for nanocrystalline metals and alloys [23–25], although
the initially very small grain size evolved through grain coarsening
into a stable nanocrystalline structure consisting of somewhat lar-
ger grains, while a steady-state of the friction coefﬁcient or the
wear rate was only observed for certain experimental conditions.
For nanotwinned Cu [16], microstructural changes and variations
of the grain size over the depth were observed below scratches;
the microstructure approached a ﬁnal grain size which was compa-
rable for different initial microstructures and accompanied by a
steady-state friction coefﬁcient. In our experiments, however, the
friction coefﬁcient was not measured, but it is unlikely that a
steady-state microstructure had developed within the 1000 cycles:
as shown in Fig. 4, the penetration depth of the indenter tip into
the ﬁlm, which can be interpreted as a measure for the wear
70 Z.-P. Luo et al. / Scripta Materialia 107 (2015) 67–70volume, increased with increasing number of cycles indicating that
the material removal was continuous. While the rate of the depth
increase slowed down, this might well be an artifact and related to
the presence of the substrate. The deformed sub-surface region,
though, reached a constant thickness of 350 nm after approxi-
mately 100 cycles (Fig. 4, red symbols), but the number of layers
involved increased with increasing cycle numbers without reach-
ing a steady state. The removed material formed folds along the
edges of the sliding tracks (not shown here).
We observed different stages of the deformation process during
cyclic sliding, i.e. thickness reduction, development of waviness,
vortex formation and mechanical mixing. Depending on the indi-
vidual layer thickness of multilayers, different deformation mech-
anisms are discussed in the literature, e.g. [26]. In the present
study, the individual layers have an initial thickness of 100 nm,
which is clearly in the dislocation-dominated size regime [26,27]
with dislocations moving within the layers leading to layer thin-
ning with increasing cycle numbers and accumulated plastic strain.
During sliding, the layers thinned rapidly and entered a regime, in
which also grain boundary mediated processes such as grain
boundary sliding and grain rotation are expected to gain impor-
tance [28]. In previous studies, shear bands were observed in
Cu/Au multilayers after indentation experiments [28,17] and elas-
tic buckling assisted grain boundary sliding was suggested as the
associated mechanism active in layers thinner than 50 nm [28].
However, the grain size in those ﬁlms was signiﬁcantly smaller
compared to the grains after mechanical thinning (Fig. 3b). Here,
no localized shear bands as in indentation were observed. Rather
a continuous shear zone of constant thickness developed although
more layers became consumed in the deformed zone; similarly as
within the shear bands after indentation of Cu/Au multilayers [29],
we observe clear evidence of interface instability and mixing of the
two materials. A clear boundary appeared between the mixed
structure and adjacent materials. This is consistent with the previ-
ous suggestion of mixed materials being brought by a ﬂow process
to a certain distance from the surface [14]. The multilayer structure
experiences severe plastic deformation below the sliding contact
and shear-induced mixing, which can be applied to induce mixing
and homogenization of even immiscible elements [30] and was
attributed to the motion of dislocations across interfaces [31]. In
our samples, the steps at the interfaces between the layers
(Fig. 3a) are very likely the result of dislocation plasticity and local
dislocation pile-up against the interfaces [26] and appear to be the
precursors for the vortex formation that enhances the mixing of
the two materials. During the ﬁrst few cycles, we observed
co-deformation of the two layer types, but it is conceivable that
there are differences in the plastic ﬂow rate in the deformed Au
and Cu layers. We thus have the conditions necessary to result in
a Kelvin–Helmholtz instability [19–21], i.e. strain gradients under-
neath the sliding track and differences in the strain rate in the
deformed layers.
The microstructures underneath the sliding tracks of Cu/Au
multilayers were shown to exhibit a very distinct microstructuralevolution. In cyclic sliding experiments using a nanoindenter, a
deformation zone of constant thickness developed, while the rate
of material removal did not reach a constant value within 1000
cycles. A sequence of layer thinning, grain coarsening and disloca-
tion pile-up at the interfaces is suggested. The resulting waviness
appears to be the precondition for a Kelvin–Helmholtz instability,
which in combination with strain rate gradients results in
vorticity-driven mechanical mixing and the formation of a
nanocrystalline deformation layer. While strain rate gradients
during sliding and ﬂuid-like behavior have been suggested [21],
this is to the best of our knowledge the most direct experimental
observation supporting those suggestions.
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